The aim of the present study was to evaluate the effects of radiation dose reduction and iterative reconstruction protocols on coronary artery calcium (Agatston) scores using a pulsating cardiac phantom.
Introduction
Coronary artery disease is the leading cause of death in developed countries. 1) The presence of calcification in the coronary arteries is a specific marker of coronary artery disease that can be quantified into a coronary artery calcium (CAC) score using estab-lished computed tomography (CT) methods such as the Agatston score. 2) Agatston scoring involves a simple, noninvasive test performed without contrast media. Scores are calculated according to the weighted density of the calcified plaque within the coronary arteries and are useful in stratifying the risk of coronary artery disease. [3] [4] Figure 1 . Pulsating cardiac phantom with calcified coronary phantom However, CAC scoring using CT involves exposure to radiation. According to a previous study by Kim et al. 5) , the effective radiation dose may reach as high as 10.5 mSv when standard filtered back projection (FBP) reconstructions are used.
Although the radiation dose required in coronary CT angiography has decreased over the past years 6) due to the adoption of the "as low as reasonably achievable (ALARA)" principle, there is still a need to keep radiation dose to a minimum due to the relatively common nature of cardiac CT scans. Indeed, current guidelines recommend CAC scoring even for asymptomatic adults at low-to-intermediate and intermediate cardiovascular risk. 7) However, cardiac CT that has been reconstructed using standard FBP at lower radiation doses tend to exhibit increased image noise.
Recently, iterative reconstruction (IR) algorithms have become available, allowing for reductions in noise and improved image quality using lower doses of radiation relative to those associated with traditional FBP algorithms. [8] [9] [10] Furthermore, some ex vivo and in vitro studies have reported no significant differences in CAC score between standard-dose FBP and low-dose IR algorithms when the CAC score is relatively high (300-700). [11] [12] [13] However, the effects of dose reduction and IR on CAC score re-main uncertain when the CAC score is low. Therefore, the present study aimed to evaluate the effects of radiation dose reduction and IR protocols on CAC (Agatston) scores ranging from low to high using a pulsating cardiac phantom.
Materials and Methods

Cardiac phantom
We used a cardiac phantom (Fuyo Co., Tokyo, Japan), which allows researchers to simulate a wide variety of clinical scenarios involving the heart, in order to evaluate the effects of radiation dose reduction on CAC scores. The phantom (Figure 1A) consists of a motor comprised of two rings in an acrylic housing: a larger, proximal ring representing the cardiac base and a smaller, distal ring representing the cardiac apex, and has previously been described in detail. 14) The two rings of this phantom rotate and converge to simulate cardiac motion. The frequency of this simulated heart motion can be adjusted between 1 and 150 beats per minute (bpm). In the present study, the frequency of this cyclic action was set at 60 bpm because it approximates the reported average in clinical studies.
Three transparent ABS tubes (Fuyo Co., Tokyo, Japan) with inner diameters of 6.0 mm and 8.0 mm were used as coronary artery phantoms and attached between the two rings of the cardiac phantom. Each tube contained three calcified cubes of different sizes (3-mm diameter: small, 4-mm diameter: medium, and 5-mm diameter: large) and four calcified hydroxyapatite cubes of varying density in order to model coronary artery calcification: 5% (44HU), 15% (233HU), 25% (586HU), and 35% (792HU) (Figure 1B) . The tubes were filled with diluted glucose solution to ensure a lumen density of approximately 40 Hounsfield units (HU), similar to that of human blood. The precise dimensions and stenosis for each phantom vessel were verified by the manufacturer using precision instruments, with an error of 0.01 mm or smaller for diameter measurements.
Imaging protocol
Images were acquired with a 320-slice multi-detector CT (MDCT) scanner (Aquilion ONE ViSION Edition, Toshiba, Nasu, Japan), using ECG-gated volume scans (tube potential: 120kV; rotation time: 275 ms; tube current: 240mA; routine dose, 150mA; 38% reduced dose, 100 mA; 58% reduced dose, 70 mA; 71% reduced dose, 60 mA; 75% reduced dose). The slice thickness was 0.5 mm, and the reconstructed slice thickness was 3.0 mm according to the standard protocol for the Agatston score. The detector coverage was 16 cm. Scans were repeated 15 times under each condition. The images were reconstructed using filtered back projection (FBP) and four preset algorithms (Weak, Mild, Standard, and Strong) in the Adaptive Iterative Dose Reduction 3-Dimensional (AIDR3D) algorithm tool. Kernels for soft tissue re-construction were applied to all images, which have been validated for use in calcium scanning.
Image analysis
Reconstructed images were transferred to a ZIO ® workstation (ZIOsoft., Tokyo, Japan) for analysis of the CAC score (Agatston score) of the calcified coronary artery phantoms. Agatston scores at all dose variations in all five reconstruction methods (FBP, IR: Weak, Mild, Standard, and Strong) for all phantom sizes (small, medium, large, and total) were compared to the reference dose protocol reconstructed with FBP.
Statistical analysis
The distributions of all variables were examined. Median and interquartile ranges were calculated for non-normally distributed continuous variables and compared using Wilcoxon signed-rank tests, the Steel's tests, and Jonckheere-Terpstra test for the trends. Statistical calculations were performed using JMP 9 (SAS Institute Inc.) and EZR (http:// www.jichi.ac.jp/saitama-sct/SaitamaHP.files/statmed. html). A two-tailed α of 0.05 was defined as the level of statistical significance for all analyses.
Results
The median Agatston score for standard-dose FBP was 646.53 (range: 636.48-665.07). The Agatston scores calculated for each radiation dose and IR reconstruction protocol are presented in Table 1 and 
Agatston scores for various radiation doses when IR levels were held constant (Figure 2)
When the FBP protocol was used, Agatston scores significantly increased in total (overall) and small phantom sizes as doses of radiation decreased (p<0.001). When the AIDR3D: Weak protocol was used, Agatston scores significantly increased in total as radiation doses decreased (p<0.001), but tended to increase in small phantom sizes, though this difference was not significant. When the AIDR3D: Mild, Standard, and Strong protocols were used, no significant differences in Agatston scores were observed for both total and small phantom size among the differ-ent radiation dose protocols.
Agatston scores for various IR levels when radiation dose was held constant (Figure 3)
For all radiation dose protocols, Agatston scores significantly decreased as IR levels increased (p<0.003, respectively). 1, Figure 4 ) When the FBP protocol was used, Agatston scores significantly increased for some phantom sizes at 58%, 71%, and 75% reductions in radiation dose relative to scores obtained when routine doses were utilized in the FBP protocol.
Agatston scores for various radiation dose and IR levels, compared to control (FBP at 240mA) (Table
When the AIDR3D: Weak protocol was used, Agatston scores significantly increased for some phantom sizes at 71% or 75% reductions in radiation dose relative to scores obtained when routine doses were utilized in the FBP protocol. When the AIDR3D: Mild protocol was used, no significant differences in Agatston scores were observed between IR and FBP protocols for any phantom size.
When the AIDR3D: Standard protocol was used, significantly higher average Agatston scores were observed in some phantom sizes at a 38% reduction in radiation dose, although no significant differences were observed for any phantom size when other dose levels were utilized. When the AIDR3D: Strong protocol was used, Agatston scores significantly decreased for some phantom sizes relative to scores obtained when routine doses were utilized in the FBP protocol.
Discussion
We can reduce the radiation dose of coronary CT angiography by using AIDR3D, and recent studies have reported that the mean effective radiation dose was 2.55+/-1.21 mSv, using AIDR3D. 15) On the other hand, the usual radiation dose of CAC scoring without iterative reconstruction is 1-2 mSv. However, we have had difficulties using AIDR3D in CAC scanning because the effects of AIDR3D remained unclear.
To the best of our knowledge, the present study is the first to evaluate the effects of dose reduction and iterative reconstruction on CAC score using a pulsating cardiac phantom. Our results indicate that Agatston scores for each calcium phantom tended to increase when lower doses of radiation (58%, 71% and 75% reduced) were used, while they tended to decrease when higher IR levels were used, when compared with FBP. Furthermore, no significant differences in Agatston scores were observed between routine-dose FBP protocol and 75%-reduced dose AIDR3D: Mild and AIDR3D: Standard protocols.
Though research indicates that decreased exposure to radiation occurs when the ALARA principle is followed, reducing the radiation dose when a standard FBP protocol is utilized may lead to increased image noise 16) and overestimation of the Agatston score. 17) However, IR algorithms introduced from some vendors 17) represent new techniques designed to reduce image noise and improve image quality using low doses of radiation. [8] [9] [10] An in vivo study by Kurata et al. revealed that Agatston scores tend to decrease as sonogram affirmed iterative reconstruction (SAFIRE) levels increase. 18) Our observation that Agatston scores tend to decrease as IR levels increase further support these conclusions. The results of the present study, therefore, suggest that similar Agatston scores may be obtained when either standard-dose FBP or low-dose IR protocols are utilized.
Previous research supports the use of certain combinations of dose reduction and IR levels. Murazaki et al. investigated the effect of hybrid iterative reconstruction (iDose) on Agatston scores in an in vitro study using a static cardiac phantom and concluded that radiation dose can be reduced up to 50% using the iDose technique. 19) In vitro studies by Blobel et al. 11) and Tatsugami et al. 20) revealed that the use of AIDR3D allowed for respective reductions in radiation doses of up to 80% and 67% without impairing the quantification of Agatston scores, relative to doses utilized in routine protocols, using the static anthropomorphic phantom. Other researchers have concluded that IR allows for up to an 82% reduction in radiation dose during coronary calcium scoring in ex vivo heart studies when compared with standarddose FBP. 12)13) In the present study, we investigated the effects of various combinations of dose reduction and IR levels on Agatston scores using a pulsating cardiac phantom to simulate motion in the beating heart. In accordance with the results of the aforementioned studies, our findings indicate that AIDR3D protocols allow for up to 75% reductions in radiation dose when mild or standard IR levels are utilized, under the effect of cardiac motion.
The present study possesses some limitations. First, as the pulsating phantom system was set to 60 bpm, we did not assess the effect of AIDR3D on motion artifacts under different heart rate conditions. Second, we evaluated only Agatston scores, and therefore, the effect of AIDR3D on other calcium scores, such as mass score and volume score, were still uncertain. Third, as our investigation involved ex vivo analysis of low to relatively high Agatston scores, we did not assess the effects on very small Agatston scores/non-calcified plaques. Furthermore, the calcium phantoms utilized in the present study may have been larger than real arterial calcium deposits, thus altering the influence of AIDR3D. Therefore, future research should utilize much smaller calcium phantoms in order to clarify this point. In addition, the applicability of our study to different vendors of CT scanners may be limited, as each CT vendor has developed a unique IR technique. Nonetheless, the results of the present study indicate that IR techniques may allow for reductions in radiation dose when evaluating Agatston scores.
Conclusion
In the present study, we observed that mild and standard AIDR3D protocols allowed for significant reductions in radiation dose relative to standard FBP protocols, without influencing Agatston scores. Therefore, evaluation of CAC score using a combination of low-dose radiation and AIDR3D may present a reliable alternative to conventional CAC scoring.
